We have investigated the electrical characteristics of a "model" small-angle grain boundary ͑GB͒ in n-type direct silicon bonded wafers with intentional Au contamination. It is found that the Au aggregated at the GB can cause new acceptorlike states, developing a potential barrier. The density of Au-related GB states is about 1 -2 ϫ 10 12 cm −2 eV −1 in the energy range of E c -0.65-E c -0.33 eV. With the energy level becoming deeper, the corresponding electron capture cross-section becomes larger, in the order of magnitude 10 −16 -10 −15 cm 2 . It is believed that Au contamination has strong influence on the electrical properties of GB. These results are interesting for the GB engineering of n-type multicrystalline silicon solar cells for terrestrial application.
I. INTRODUCTION
The electrical properties of grain boundaries ͑GBs͒ in silicon have intensively been studied over the last decades since they can significantly affect the performance of multicrystalline silicon solar cells. The intrinsic structures of GBs, such as dangling bonds and dislocations, generally cause some electronic states in silicon band gap, 1,2 which can become recombination centers for minority carriers. 3 Nowadays, different techniques have been developed to investigate GB electrical properties. Usually, GB barrier height and GB state density can be received from capacitance-voltage and current-voltage ͑I-V͒ characteristics, 4 while both the energy level and capture cross-sections can be obtained directly from a deep level transient spectroscopy ͑DLTS͒ technique. 5 However, the electrical properties of GB in solar cell materials should not be a simple situation because they must be affected by the presence of metal impurities. 6 It is still not easy to separate intrinsic from extrinsic GB effects, especially those due to metal segregation at GBs. Recently, the direct silicon bonding ͑DSB͒ technology has been recognized to be an effective way forming a "model" GB, whose structure can be desirably controlled by the misorientation condition of bonding. 7, 8 This allows us to circumvent the problem mentioned above. In previous work, the electrical properties of large angle ͑110͒/͑100͒ GBs in p-type DSB wafers have been investigated. [9] [10] [11] The results have well demonstrated the energy levels of GB states and the hole capture cross-section, the density of states as well as the effect of metal contamination. However, it must be pointed out that all the previous results are focused on the donorlike GB states in p-type DSB wafers, while the understanding of acceptorlike states at GBs is still lacking, especially the effect of metal contamination on the electrical characteristics of the GBs. Thus, studying the electrical properties of GB in n-type DSB wafers is necessary to complete building the physical picture of GB states in silicon.
In this work, we formed a small-angle GB by directly bonding of n-type silicon wafers under misoriention, and then investigated the electrical properties of GBs before and after Au contamination. The achievements about the acceptorlike GB states will be of interest for the GB engineering of n-type multicrystalline silicon solar cells for terrestrial application.
II. EXPERIMENTAL DETAILS
The starting silicon wafers were 150 mm n-type ͑100͒ Czochralski wafers. The phosphorous concentrations are about 7.5ϫ 10 14 / cm 3 and 3.0ϫ 10 14 / cm 3 , respectively. The wafers were directly bonded with hydrophobic surfaces under misorientation ͑twist angle: 0.73°and tilt angle: 0.05°͒ at room temperature and then annealed at 1050°C in Ar ambient for 4 h to enhance the bonding strength. The interfacial defects at the GB were observed by a transmission electron microscope ͑TEM͒.
A half of the DSB wafer was subjected to Au contamination by annealing at 850°C for 13 h in Ar ambient after depositing an Au film on both sides of the sample. Subsequently, the annealed samples were slowly cooled to room temperature in the furnace after switching off the power. The distribution behavior of Au impurities near the GB in the contaminated sample was investigated by combining TEM and spreading resistance profile ͑SRP͒ techniques.
For electrical characterization, the wafers were first cleaved into small barlike samples. Then, the electron-beam-induced current ͑EBIC͒ and DLTS techniques were used to study the electrical signature of the clean and Aucontaminated GBs by two different measurement modes. ͑1͒ Standard-EBIC/-DLTS mode: an Au Schottky diode was prepared on one cross-section of the sample to partially cover the GB after chemically polishing in a HF and HNO 3 mixture solution ͑HF: HNO 3 =1:5͒, and meanwhile an Ohmic contact was formed on the back cross-section by scratching InGa eutectic solution. ͑2͒ Resistance-EBIC ͑REBIC͒/GB-DLTS mode: the Ohmic contacts were directly prepared on both sides of the DSB sample by scratching InGa eutectic solution. The EBIC measurements were carried out on the sample cross-section at room temperature with an electron beam under accelerating voltage of 30 kV, and the DLTS measurement were performed by a BioRad DLTS system ͑DL8000, 1 MHz͒. For the sample with two Ohmic contacts, the I-V measurements were also implemented on the GBs at different temperatures.
III. RESULTS

A. Microstructure of the clean GB
Since the small-angle GB here is formed by directly bonding of two wafers with hydrophobic surfaces, the lattice contacting will result in the generation of dislocations for the accommodation of lattice mismatch, forming a twodimensional network.
12 Figure 1 shows a TEM plan-view micrograph of the clean GB. Note that the dislocation network consists of two different kinds of dislocations. One is the regularly meshlike screw dislocations due to the twist component and the other is the zigzag-shaped edge dislocations superimposed on the screw dislocations, resulting from the compensation of the tilt misalignment. 13 In fact, the structure of dislocation network depends on the misorientation angles during bonding. The spacing between adjacent dislocations ͑d͒ can be determined by the misorientation angles ͑͒ as follows:
where a is the silicon lattice constant. It is clarified that the spacing of dislocations in the network is in good agreement with the calculated values based on Eqs. ͑1͒. This suggests that the structure of dislocation networks at the GB is desirable by choosing the proper twist and tilt angles during the bonding process. It is found that, except the dislocations, no other interfacial defects can obviously be observed by TEM. However, secondary ion mass spectrometry reveals an increased concentration of oxygen at the interface, indicating that the dislocation network might be decorated by certain amount of oxygen impurities. These oxygen impurities could be from the remnants of native oxide film on the wafer surface during the HF dipping process prior to the bonding or the aggregation of oxygen atoms by their diffusion from the bulks during the bonding. Figure 2 shows the carrier concentration profiles of the clean and Au-contaminated samples measured by a SRP. Note that the carrier concentration profile in the clean sample does not show any particular trend near the interface, except the different doping levels of substrates on two sides of GB. For the Au-contaminated sample, the carrier concentration profile shows a peak with lower carrier concentration at the GB. TEM measurement cannot reveal any Au precipitates at the GB, which could be due to the low density. It is well known that the electrically active Au s can introduce deep energy levels close to the middle of silicon band gap, 15 which act as a trap center for free carriers and therefore reduces the hole concentration. So, the lower carrier concentration level near the GB is associated to a higher concentration of Au s compensating the donors. Nevertheless, the present results show us the evidence that this interfacial GB can be an efficient gettering center for the Au impurities.
B. Au gettering at the GB
C. Electrical properties of the GBs
EBIC measurement
EBIC technique is a powerful method to directly determine the recombination activity of GB. In standard EBIC measurement, the GB electrical activity can be presented by the EBIC contrast as follows: 
where I 0 and I GB are the EBIC currents in the background region and at the GB, respectively. Figure 3 shows the standard EBIC current profiles near the clean and Aucontaminated GBs at room temperature. Note that in both the profiles, I GB is smaller than I 0 , indicating that the clean and Au-contaminated GBs are both electrically active, i.e., the interfacial GB states are effective recombination centers. However, one can see that, compared to the clean GB, the EBIC contrast of the Au-contaminated GB is much stronger. This suggests that the electrical activity of GB can significantly be enhanced due to the gettering of Au.
In the REBIC measurement mode, the electrodes are directly connected with the sample by two Ohmic contacts, not like the standard EBIC measurement where a Schottky diode or p + n junction is needed. The theory of REBIC measurement has been previously elaborated by Palm. 17 If there exists a potential barrier at the GB, the GB can be modeled as a double Schottky diode. 18, 20 When the electron-beam injection induces the electron-hole pairs at one side of the GB, the electron-hole pairs which diffuse close to the GB, can be separated by the electric field of the GB and induce a minority carrier current. Figure 4 shows the REBIC current profiles across the clean and Au-contaminated GBs obtained with different beam currents. Note that with a 100 pA small electron beam, the REBIC signal cannot appear at the clean GB, signaling no GB potential barrier. For the Aucontaminated GB, an obvious REBIC signal associated with hole current near the GB can be seen with a 100 pA beam, reflecting the existence of strong GB potential barrier for electrons. This suggests that the Au-contamination introduces new acceptorlike states at the GB, which can be negatively charged under equilibrium condition. These acceptorlike states are supposed to be a result of Au interacting with interfacial dislocations. More interestingly, with a 20 nA large electron beam, a REBIC signal can be found at the clean GB. One can see that the polarity of REBIC at the clean GB obtained under a large electron beam is opposite to that at the Au-contaminated GB. The polarity of REBIC actually only depends on the type of carriers attributing to the recombination currents, i.e., either holes or electrons. It is a result of one type carriers trapped at the GB states recombining the other type carriers injected by electron beam. For a detailed analysis of REBIC signal, we refer the reader to Ref. 19 . The results on the clean GB suggest that compared to the equilibrium state, the charging at the GB states will be changed under large electron beam irradiation, resulting in a positively charged GB and therefore an electron recombination current. The reason is that under the large beam bombard, the equilibrium situation at the GB must be disturbed and the Fermi level has to be separated. This will result in that the donorlike GB states moving beyond the hole quasiFermi level can be positively charged and therefore recombine the electrons to form recombination current. Figure 5 shows the room temperature I-V curves obtained from the clean and Au-contaminated DSB samples by applying bias voltages on the Ohmic contacts at both sides. Note that the I-V curve of clean DSB sample is linear without diode characteristic, reconfirming the fact that the clean GB in our sample cannot yield a potential barrier. The I-V curve of Au-contaminated DSB sample exhibits a back-toback double-Schottky-diode characteristic due to the existence of potential barrier at the GB. The potential barrier is 4 According to the thermionic emission theory, the electron current density ͑j͒ across a GB under a bias ͑V͒ can be expressed as
I-V deconvolution
where A ‫ء‬ is the effective electron Richardson constant, T the absolute temperature, the barrier height on the side of GB connecting with the negative electrode, the energy position of Fermi level in the quasineutral region, q the electron charge, and k the Boltzmann constant. Since the GB barrier height is associated with the widths of space charge region ͑SCR͒ near the GB, the GB charge density ͑qN GB ͒ can be presented according to total charge neutrality as follows:
where N dL , N dR are the dopant concentrations at the left and right sides of GB, respectively; d L , d R the SCR widths at the left and right sides, respectively; and the silicon dielectric constant. Figure 6 plots the energy band diagram near the GB under different bias voltages based on the I-V measurements. Note that under a bias, V, some GB states with energy positions above Fermi level at zero bias go below the Fermi level and capture electrons to reach a new steady-state condition. The electron occupancy on these states obeys a quasiFermi distribution. The value of + is actually the energy position of quasi-Fermi level at the GB, which represents the shallowest GB states filled by electrons. The quasi-Fermi level shifts toward conduction band with an increase in bias voltage, see the inset in Fig. 6 . Thus, the density of Aurelated GB states can be obtained by the derivation of N GB with + , as shown by Fig. 7 . Note that, with the temperature decreasing, the Fermi level in the quasineutral region shifts upward, which causes that the corresponding energy levels revealed by I-V deconvolution become relatively shallower. The present result shows that the energy levels in the range of E c -0.33-E c -0.65 eV at the Au-contaminated GB have been revealed and the density of states is about 1 -2 ϫ 10 12 cm −2 eV −1 . One has to notice that, from Eq. ͑3͒, it can be deduced that when the applied voltage V is close to zero, i.e., qV Ӷ kT, the electron current density ͑j͒ is proportional to the voltage ͑V͒, see the inset in Fig. 5 . Then, the equilibrium potential barrier can be obtained from the slope of j-V line measured under small voltages, which is about 0.35 eV. The corresponding charge density at the GB under zero bias is about 1 ϫ 10 11 / cm 2 . Thus, the electrically neutral level at the Au-contaminated GB can be deduced to be at about E c -0.70 eV.
DLTS measurement
DLTS has been widely used to measure the energy levels and corresponding carrier capture cross-sections of defect states in silicon. In a standard mode, the Schottky or pn diode has to be formed, in which the energy bands are able to be bent by an external bias voltage and therefore the carrier occupancy of defect states can be modulated. 20 However, for the GB with a potential barrier, the GB-DLTS mode is usually applied, in which the periodic voltage pulse can be directly applied across the GB to change the carrier occupancy of GB states. 5 In contrast to conventional DLTS technique, the pulse voltage level applied in GB-DLTS is maintained larger than the voltage level during the emission phase. For our clean GB without a potential barrier, the GB-DLTS technique is not suitable here, so a standard DLTS process has to be implemented. Figure 8 shows the DLTS spectra of clean GB obtained under different filling pulse width. It should be mentioned that since the GB plane is vertically existent in the SCR of Schottky diode, the DLTS signal of GB states is quite weak, along with much noises. Nevertheless, it still can be seen that a broad peak exhibits in the spectrum. The dependence of DLTS signal on the filling pulse width indicates that this energy level is contributed to the extended defects at the GB. 21 Based on Arrhenius plotting, an energy level at E c -0.24 eV with electron capture cross-section of 10 −17 cm 2 can be obtained for the clean GB states. We suppose that the present energy level should be mainly associated to the dislocations, and meanwhile the oxygen impurities might be involved. Figure 9 shows the GB-DLTS spectra of Aucontaminated DSB sample obtained by applying different pulse voltages and the inset is the standard DLTS spectrum obtained from the Au-contaminated substrate. Note that only one Au trap with energy level at E c -0.54 eV can be found in the substrate, which should be caused by the Au s atoms, as reported by previous work. 22, 23 But, for the Au-contaminated DSB sample, a much broad peak appears in each spectrum and meanwhile the peak maximum shifts to a higher temperature with the pulse voltage increasing. The similar feature of GB-DLTS spectra has previously been reported on the copper-contaminated GB, 24 but no clear reason is elaborated. Thus, in order to well understand the characteristics of the GB-DLTS signal, we have to analyze how the GB-DLTS signal is formed. According to the emission theory, 20 the charge decay rate ͑dN ss / dt͒ due to electron emission at the energy level ͑E T ͒ with a state density of N T can be expressed by
where e n is the electron emission rate, n the electron capture cross-section, and ␥ a constant. It can be seen that the electron emission rate at each energy level exponentially depends on the energy position and the sample temperature. At low temperatures, i.e., the GB-DLTS signal is mainly attributed to the electron emission from the shallower localized states.
As the temperature increases, the deep levels play more and more important roles until the signal goes to zero. The peak maximum appears when the electron emission rate is equal to a constant determined by the rate window, i.e., ln͓͑t 0 + t W ͒ / t 0 ͔ / t W ͑t 0 is the measurement delay time and t W is the measurement period͒. 20 Since the state density at the Aucontaminated GB ͑N T ͒ is known to be almost constant from above I-V deconvolution, the GB electron density ͑N GB ͒ is approximately equal to N GB0 + N T ͑E F0 − E T ͒͑N GB0 and E F0 are the equilibrium charge density and Fermi level at the GB under zero bias, respectively.͒. Then, the electron emission rate in Eq. ͑5͒ can be rewritten as
From Eq. ͑6͒, it can be seen that, when a larger pulse bias voltage causes a larger electron density ͑N GB ͒ at the GB, the electron emission rate also becomes larger. Since the temperature position of the peak maximum in the GB-DLTS spectrum corresponding to a constant electron emission rate, 20 is only dependent on the rate window setting of DLTS system, it has to shift to a higher temperature under a larger pulse bias voltage. The increase in pulse bias voltage is a process of filling more shallow levels. From this point view, the GB-DLTS is different from the conventional DLTS, in which the peak appearing at a higher temperature usually represents deeper level. 20 Figure 10 shows the Arrhenius plots for the GB-DLTS peaks obtained under different pulse bias for Au-contaminated GB and the corresponding electrical parameters of states are shown in Table I . Note that the revealed energy level of Au-related GB states becomes shallower with the increase in the pulse bias, from E c -0.50 to E c -0.43 eV, as a result of more shallow levels being filled by the larger pulse bias. One should notice that the energy levels defined by GB-DLTS technique are consistent within the energy levels of Au-related states by I-V deconvolution. The corresponding electron capture crosssection is found to be in the order of 10 −16 -10 −15 cm 2 for Au-related GB states, which become smaller with the energy level become shallower.
IV. DISCUSSIONS
The Au atoms in silicon can occupy both substitutional sites and interstitial sites. They mostly diffuse via the kickout mechanism. 25 So, the concentration of interstitial silicon atoms plays an essential role in the in-diffusion of gold atoms and also in the exchange rate between Au i and Au s . The concentration of supersaturated silicon self-interstitials can be reduced by the migration of self-interstitials to appropriate sinks. 26 Since the GB acts as an efficient sink for interstitial silicon atoms, the concentration of self-interstitials is reduced near the GB, lower than that in a sink-free bulk region. This results in a higher concentration of Au s gettered at the GB.
Bengtsson et al. 4 has proposed that the distribution of electronic states at a DSB interfacial GB can be modeled as one distribution of donorlike states and one of acceptorlike states. Whereas donorlike states are positively charged above the Fermi level and neutral below, acceptorlike states are negatively charged below and neutral above the Fermi level. An electrically neutral level is often defined for the charge neutrality at GB. 27 For the clean GB in our sample, since the standard EBIC measurement clarified its recombination activity and the standard DLTS measurement revealed some energy levels of GB states, the only reason for the clean GB not to exhibit a potential barrier is that the GB Fermi level is just equivalent to the electrically neutral level, i.e, the negative charges at the acceptorlike states are balanced by the positive charges at the donorlike states and therefore no net charges at the GB. It is not difficult to deduce that the electrically neutral level at the clean GB is roughly at E c -0.3 eV. The acceptorlike GB states with energy levels around E c -0.24 eV actually exist above this neural level and therefore are empty in equilibrium situation. We suppose that these clean GB states originate from the dislocations and oxygen decoration. After Au contamination, the Au impurities can diffuse to the GB via kick-out mechanism and then are gettered by the interfacial dislocations. The different coupling between Au impurities and dislocations causes new deeper acceptorlike GB states in a large broad energy range. The electron capture cross-sections of Au-related GB states are much larger than those of clean GB states, in the order of 10 −15 -10 −16 cm 2 . So, those states with energy position below the Fermi level in the neutral region can trap the electrons to be negatively charged. Then, the GB Fermi level has to shift downward and will be pinned by Au-related GB states at a new energy position. Correspondingly, the electrically neutral level at the Au-contaminated GB also will move downward. This finally causes a strong potential barrier to form at the Au-contaminated GB.
V. CONCLUSIONS
In summary, Au contamination can significantly change the electrical characteristics of a small-angle GB in n-type DSB wafers. A GB potential barrier is found to be developed at the Au-contaminated GB. The acceptorlike GB states related to Au in the energy range E c -0.65-E c -0.33 eV with electron capture cross-section of 10 −16 -10 −15 cm 2 have been demonstrated by different electrical characterization techniques. The density of GB states is in the range 1 -2 ϫ 10 12 cm −2 eV −1 . We believe that these GB states originate from the Au impurities interacting with interfacial defects at the GB. However, for a better understanding on the mechanism of Au-related GB state generation, the chemistry and the kinetics of the Au segregation at the interfacial dislocation network, depending on the Au concentration and the thermal history, is still needed to be experimented.
